DNA damage activates the ATM and ATR kinases that coordinate checkpoint and DNA repair pathways. An essential step in homology-directed repair (HDR) of DNA breaks is the formation of RAD51 nucleofilaments mediated by PALB2-BRCA2; however, roles of ATM and ATR in this critical step of HDR are poorly understood. Here, we show that PALB2 is markedly phosphorylated in response to genotoxic stresses such as ionizing radiation and hydroxyurea. This response is mediated by the ATM and ATR kinases through three N-terminal S/Q-sites in PALB2, the consensus target sites for ATM and ATR. Importantly, a phospho-deficient PALB2 mutant is unable to support proper RAD51 foci formation, a key PALB2 regulated repair event, whereas a phospho-mimicking PALB2 version supports RAD51 foci formation. Moreover, phospho-deficient PALB2 is less potent in HDR than wild-type PALB2. Further, this mutation reveals a separation in PALB2 function, as the PALB2-dependent checkpoint response is normal in cells expressing the phosphodeficient PALB2 mutant. Collectively, our findings highlight a critical importance of PALB2 phosphorylation as a novel regulatory step in genome maintenance after genotoxic stress.
Introduction
Upon genotoxic stresses, cells activate the multi-faceted DNA damage response (DDR), which includes signaling pathways that control cell cycle progression as well as DNA repair pathways [1, 2] . The DDR is mainly coordinated by the kinases ATM (ataxiatelangiectasia mutated) and ATR (ATM and Rad3-related). These kinases are activated by DNA lesions and direct the DDR pathways through phosphorylation of downstream targets such as CHK1, CHK2, CtIP, and p53 [3, 4] .
The DDR maintains genome stability, thereby supporting cellular fitness, suppressing tumorigenesis, and has major impact on cancer therapy responses [1, 5, 6] . A particularly relevant setting is hereditary breast cancer, where several DDR genes are germ line mutated leading to a familial cancer predisposition. Among the mutated genes are the HDR factors BRCA2 and PALB2 that are found mutated in familial breast, pancreatic, and ovarian cancers [7] [8] [9] [10] . PALB2 and BRCA2 interact together, and PALB2 supports BRCA2 localization and stability to promote RAD51 loading and HDR [11] [12] [13] [14] . Recently, ATM has also emerged as a breast cancer tumor suppressor, suggesting a link between ATM and the PALB2-BRCA2 pathway [10] .
ATM and ATR are important cell cycle checkpoint regulators in the DDR, and intriguingly, BRCA2 and PALB2 were recently identified as checkpoint factors that block cell cycle progression in G2 phase following DNA damage by ionizing radiation [15, 16] . As part of the DDR, the G2 checkpoint blocks cell proliferation by preventing mitotic entry after DNA damage, thereby prohibiting transmission of damaged DNA to daughter cells [17, 18] . Notably, BRCA2 and PALB2 appear to function in checkpoint maintenance as they are not involved in the immediate activation of ATM and ATR [16] . It remains to be understood how the function of BRCA2 and PALB2 in checkpoint control is integrated with DDR signaling and DNA repair by HDR.
Homology-directed repair constitutes a key DNA double-strand break (DSB) repair pathway together with non-homologous end joining (NHEJ) [19] . NHEJ is a fast process with the ability to repair DSBs throughout the cell cycle. HDR is an essentially error free multi-step repair process, which is restricted to S and G2 phases due to the presence of an intact sister chromatid [19, 20] . HDR requires processing of DNA ends by nucleolytic enzymes, a mechanism called DNA end resection, which is initiated by the collaborative action of MRE11 and CtIP in an ATM-and ATR-dependent manner [21] [22] [23] [24] . The exonucleases EXO1 and DNA2 then resect the 5 0 -end to generate long stretches of single-stranded DNA (ssDNA) immediately coated by the trimeric DNA-binding protein complex RPA [24] . RPA is exchanged with RAD51 to form the RAD51 nucleofilament through the action of the PALB2-BRCA2 complex [25] [26] [27] [28] [29] [30] . Finally, the nucleofilament mediates the homology search and strand invasion on the sister chromatid, which is followed by post-synapsis where RAD51 dissociates from the DNA ends to allow final steps including DNA synthesis [19] . The roles of ATM and ATR in HDR following DNA end resection are poorly understood. Here, we have investigated the interplay between ATM/ATR, PALB2, and RAD51 in checkpoint control and HDR. We show that ATM and ATR promote RAD51 function by mediating PALB2 phosphorylation, which is required for RAD51 foci formation. However, these phosphorylation events are dispensable for PALB2-dependent checkpoint control. Our data provide evidence for a regulatory link between the tumor suppressor functions of ATM/ATR and PALB2-BRCA2 in maintaining genome stability.
Results and Discussion

DNA damage induces ATM/ATR-dependent phosphorylation of PALB2
To further investigate the role of PALB2 in the DNA damage response, we explored the occurrence of potential post-translational modification of PALB2. We treated U2OS cells with ionizing radiation (IR) and collected samples at different recovery time points. Western blot analysis revealed that 2 h after IR treatment PALB2 could be detected as a diffuse band with retarded mobility compared to control sample. The shifted appearance became more prominent at later recovery time points up to 24 h post-IR, indicating increased post-translational modification of PALB2 (Fig 1A) . To test whether the retarded mobility is due to phosphorylation of PALB2, we treated lysate from the 24 h time point with phosphatase and monitored the PALB2 signal ( Fig 1A) . Phosphatase treatment completely reverted PALB2 to the lower migrating band, implying that PALB2 becomes phosphorylated after IR.
The primary phosphorylation cascades after DNA damage are carried out by the ATM/ATR kinases [3, 4] . To explore whether ATM or ATR is responsible for phosphorylating PALB2, we treated cells with ATM or ATR inhibitors prior to exposure to IR (Fig 1B) [31, 32] . Subjecting cells to either ATM or ATR inhibitor decreased PALB2 phosphorylation to levels observed in non-irradiated cells. In contrast, inhibiting the activity of DNA-PK, an ATM-related kinase active in NHEJ did not markedly affect the IR-induced phosphorylation of PALB2. These results suggest that ATM and ATR mediate phosphorylation of PALB2 in response to DNA damage. This finding is in line with a recent report by Guo et al (published while this manuscript was under review) [33] , showing ATM/ATR-dependent phosphorylation of PALB2 upon IR as well as a previous proteomewide analysis identifying 3 potential ATM/ATR target sites in the N-terminus of PALB2 by mass spectrometry [34] .
While ATM is mainly activated by double-strand breaks caused by DNA-damaging agents such as IR, ATR is activated in response to single-stranded DNA containing lesions [3] . Such lesions are very prominent following DNA replication stress, which can be induced by agents such as hydroxyurea (HU). HU depletes the cellular nucleotide pool [35, 36] , and this leads to replication fork stalling and eventually to DNA breaks [3] . To test whether PALB2 phosphorylation is induced by replication stress, we treated cells with HU for increasing time and analyzed PALB2 mobility on Western blot. The phosphorylation of PALB2 was induced after 8 h of HU being sustained during treatment until 24 h (Fig 1C) . Unlike IR-induced PALB2 phosphorylation, the HU-induced phosphorylation was less sensitive to ATM inhibition while retained sensitivity to ATR inhibition (Fig 1D) . This result suggests that following replication stress PALB2 is predominantly phosphorylated in an ATR-dependent manner, which is further supported by sustained phosphorylation of PALB2 in cells depleted of ATM by siRNA compared to ATR siRNA (Fig EV1A) . Furthermore, purified N-terminal version of PALB2 (aa 1-560) was phosphorylated by ATR in vitro (Fig 1E) . Altogether, our results indicate that in response to DNA perturbation PALB2 phosphorylation is mediated by the checkpoint kinases ATM and ATR. Furthermore, both IR and HUinduced phosphorylation of PALB2 could be detected in the human colorectal carcinoma cell line HCT116 and human breast epithelial cell line MCF10a implying that PALB2 phosphorylation is part of a general genotoxic stress response (Fig EV1B) .
ATM/ATR mediates phosphorylation of serine residues in the PALB2 N-terminus PALB2 interacts with a number of proteins that are essential for the HDR pathway, such as BRCA1, BRCA2, and RAD51 [37] . The Nterminal PALB2 contains coiled-coil motifs that interact with BRCA1 whereas the C-terminus forms a WD40-type b-propeller that mediates the interaction with BRCA2 and RAD51 (Fig 2A) [12] [13] [14] . Additionally, there is an interaction site with RAD51 in the N-terminus of PALB2 [25, 26] . The human PALB2 sequence contains seven serine residues with the ATM/ATR-specific S/Q motif. Guo et al [33] recently found two sites, S157 and S376, to be targeted by ATM/ ATR in response to DNA damage. However, the mass spectrometry analysis performed by Matsuoka et al [34] identified three N-terminal S/Q motifs phosphorylated upon IR. We mutated these serine residues, S59, S157, and S376, to alanine to obtain phosphorylation impaired mutant (triple mutant S-A, TMA-PALB2) or to aspartic acid for a phosphorylation mimicking mutant (triple mutant S-D, TMD-PALB2). These constructs were used to generate doxycyclineinducible cell lines expressing siRNA-resistant FLAG/HA-tagged wild-type (WT) PALB2 or the respective phosphorylation mutants (Fig 2B) . Similar to WT PALB2, both the TMA and the TMD ▸ Figure 1 . PALB2 phosphorylation is induced upon DNA damage in an ATM/ATR-dependent manner.
A U2OS cells were harvested at the indicated time points after treatment with ionizing radiation (15 Gy) followed by analysis by SDS-PAGE and immunoblotting with antibodies recognizing PALB2 and vinculin (NT, no treatment). The lysate from the 24 h time point was treated with phosphatase (Ppase). B U2OS cells were left untreated or treated with ATM (KU 55933, 10 lM), ATR (ETP-464, 1 lM), or DNA-PK (NU7441, 1 lM) inhibitors 30 min prior to exposure to IR (15 Gy, 2 h recovery). Immunoblots were performed with the indicated antibodies. C U2OS cells were left untreated (NT) or exposed to HU (2 mM) for the indicated times. The lysate from the 24 h time point was treated with phosphatase (Ppase).
Immunoblots were performed with the indicated antibodies. D Untreated U2OS cells or cells exposed to either HU (2 mM, 24 h) or IR (15 Gy, 2 h recovery) alone or together with ATM inhibitor (KU55933, 10 lM) or inhibitors to ATR (ATR#1: ETP-464, 1 lM; ATR#2: AZ-20, 3 lM) were harvested and lysates were prepared. The inhibitors were added 30 min prior to HU or IR treatment.
Immunoblots were performed with the indicated antibodies. E ATR kinase assay was performed with N-terminal PALB2 (aa 1-560; GST-PALB2-N (Fig 2A) Fig 2C) .
To test whether PALB2 phosphorylation is dependent on the three S/Q sites, we performed the in vitro ATR kinase assay with purified N-terminal (aa 1-560) WT and TMA-PALB2. TMA-PALB2 was poorly phosphorylated, implying that the three N-terminal S/Q sites are targeted by ATR ( Fig 2D) . Moreover, we investigated PALB2 phosphorylation in the WT and TMA cell lines after IR. Cell lysates were immunoprecipitated with phospho-S/Q antibody recognizing phosphorylated S/Q residues on ATM/ATR substrates. Detection of exogenous PALB2 with the HA antibody revealed IR-induced phosphorylation of S/Q sites on WT PALB2 (Fig 2E, compare lanes 3 and 4) , which was decreased in the presence of ATM and ATR inhibitors (Fig EV1C) . Notably, TMA-PALB2 was less phosphorylated than WT PALB2 (Fig 2E, compare lanes 4 and 5) . Collectively, our results indicate that ATM/ATR-mediated PALB2 phosphorylation largely, although not completely, depends on the three N-terminal S/Q sites.
Phosphorylation of PALB2 supports RAD51 foci formation
Homology-directed repair is utilized to mend DNA DSBs that appear in S and G2 phases of the cell cycle. PALB2 is critical for the recruitment of both BRCA2 and RAD51 to the sites of damage during HDR [37] . To address the functional requirement of PALB2 phosphorylation in HDR, we examined the extent of RAD51 foci formation in the PALB2 cell lines following DNA damage. Two hours post-IR, the formation of RAD51 foci was significantly impaired in cells expressing the TMA construct of PALB2 compared to cells expressing the wild-type PALB2 (Fig 3A) . Further, similar data on the TMA mutant were obtained on RAD51 foci formation in response to HUinduced DNA lesions (Fig 3B) . Importantly, the phospho-mimetic version of PALB2, TMD, was largely competent in RAD51 foci formation. Furthermore, expression of a single site S59A mutant or a double site S157/376A mutant supported formation of RAD51 foci ( Fig EV2A) . However, abrogating the phosphorylation of all three sites reduced RAD51 foci. This result is in line with the study by Guo et al [33] , where the RAD51 foci formation was found to be unaffected in the presence of the S157/376 mutant. Finally, we ensured that the observed effect on RAD51 foci formation did not reflect a clonal difference between the cell lines ( Fig EV2B) . PALB2 promotes the localization of RAD51 to sites of HR both directly and through interaction with BRCA2. As such, the need for PALB2 phosphorylation in RAD51 foci formation may reflect altered interaction with BRCA2 and/or its direct interaction with RAD51. To this end, we observed reduced interaction between RAD51 and the TMA-PALB2 following exposure to IR (Fig EV3A) , while the interaction of the TMA mutant with BRCA2 was maintained (Fig EV3B) . Further, the TMD-PALB2 mutant retained interaction with RAD51 comparable to WT PALB2. These results indicate that following DNA damage, the ATM/ATR-mediated phosphorylation of PALB2 promotes its interaction with RAD51, and this could at least in part account for the stimulation of RAD51 repair foci. In addition, the TMA mutant was not able to stimulate the HDR activity to the same extent as WT PALB2 in a DR-GFP reporter assay, suggesting that PALB2 phosphorylation promotes HDR (Fig 3C) . Moreover, the phosphorylation mutants interacted with BRCA1 to the same degree ◀ Figure 2 . Extensive PALB2 phosphorylation after DNA damage requires three N-terminal ATM/ATR consensus target sites.
A Schematic figure of the human PALB2 protein. The N-terminus of PALB2 contains a coiled-coil region (CC) that mediates the interaction between PALB2 and BRCA1.
PALB2 interacts with BRCA2 via the C-terminal WD40 domain, which also harbors interaction sites for RAD51. An additional region for RAD51 interaction is located in the N-terminus at amino acid residues 101-184. PALB2 has seven potential S/Q phosphorylation sites of which serines S59, S157, and S376 (depicted in red) were mutated either to alanine (triple mutant S to A, TMA) to create a phospho-deficient mutant, or aspartic acid (triple mutant S to D, TMD) for a phospho-mimicking mutant. GST-PALB2-N (amino acids 1-560) contains the N-terminal serines. B Characterization of the doxycycline-inducible cell lines expressing siRNA-resistant wild-type (WT) or mutant (TMA or TMD) FLAG/HA-tagged PALB2. The cell lines were transfected with UNC (negative control) or PALB2 siRNA for 24 h prior to induction with doxycycline. Immunoblots were performed with the indicated antibodies. C Cell line characterization of FLAG/HA-tagged PALB2 localization 2 h following exposure to 15 Gy of IR. Z-stack max intensity image projection and background subtraction was done using ImageJ/Fiji. Scale bar = 5 lm. D Kinase assay was performed as described in Fig 1E except that the SDS-PAGE gel was Coomassie stained following electrophoresis. WT was used at two different concentrations (1× and 0.75×). E Doxycycline-inducible stable U2OS cell lines were left untreated or treated with doxycycline and/or IR (15 Gy, 2 h recovery). Following protein extraction, the lysates were immunoprecipitated (IP) with IgG or antibody recognizing phosphorylated S/Q sites (pS/Q) and analyzed by SDS-PAGE. Immunoblots were performed with the indicated antibodies. A PALB2 cell lines transfected with PALB2 siRNA followed by inducible expression of siRNA-resistant PALB2 versions were exposed to 15 Gy of IR and fixed for IF 2 h later. Z-stack images were acquired with a 60× oil objective (Deltavision). Z-stack max intensity projection, background subtraction, and foci count were done using ImageJ/Fiji (*P < 0.0001, unpaired Student's t-test). Scale bar = 5 lm. B PALB2 cell lines were transfected and the exogenous PALB2 induced as in Fig 3A before they were pulsed with 10 lM EdU for 20 min prior to addition of 2 mM HU.
Twenty-four hours later, the cells were fixed and processed for IF as in (A). Cells in S phase (EdU + ) at the time of HU treatment were Click-IT labeled with an Alexa
Fluor 647 azide and RAD51 foci in EdU-positive cells were enumerated using ImageJ/Fiji (*P < 0.0001, unpaired Student's t-test). Scale bar = 5 lm. C HeLa DR-GFP cell line was used to analyze homologous recombination activity. Cells were transfected with PALB2 siRNA followed by transfection of I-SceI together with empty vector (EV), WT, TMA-, or TMD-PALB2 the next day. 72 h later cells were fixed and analyzed by FACS. The percentage of cells with GFP signal from the empty vector sample was set to one (dotted line). The graph shows a representative image from three biological repeats (error bars = SEM). D Phosphorylation of PALB2 supports RAD51 foci. Cells were transfected with siPALB2 overnight followed by forward transfection of siFBH1/siBLM for 6 h then induced for expression of PALB2 (WT and TMA). 24 h following induction cells were pulsed with EdU and exposed to HU as in (B). Cells in S phase (EdU + )
at the time of HU treatment were Click-IT labeled with an Alexa Fluor 647 azide and RAD51 foci in EdU-positive cells were enumerated using ImageJ/Fiji (*P < 0.0001, unpaired Student's t-test). Representative images displaying RAD51 (green) and HA-PALB2 (red) localization in HU-treated EdU-positive (not shown) cells. Scale bar = 5 lm. as WT PALB2, indicating that PALB2 phosphorylation does not markedly affect the formation of the BRCA1-PALB2-BRCA2 complex (Fig EV3C) .
Although loading of RAD51 could be affected by PALB2 phosphorylation, we hypothesized that unstable RAD51 nucleoprotein filaments might underlie the TMA-PALB2 phenotype. To explore A U2OS and PALB2 cell lines were transfected with UNC (negative control) or PALB2 siRNA and 24 h later doxycycline was added to the PALB2 cell lines. Left panel, cells were treated the following day with IR (5 Gy) and 2 h later nocodazole was added for 6 h, or treated with only nocodazole for 6 h. Right panel, cells were treated with IR (5 Gy) and left to recover for 16 h. Cells were fixed and stained with the pMPM2 antibody to detect the mitotic cells by flow cytometry. The percentages of mitotic cells in the IR + nocodazole samples were normalized to the nocodazole samples (left panel, n = 3, error bars = SEM). For the samples with the 16-h recovery after IR, the percentage of mitotic cells in the WT PALB2-expressing cells was set to one (right panel) (n = 3, **P < 0.005, *P < 0.05, unpaired Student's t-test, error bars = SEM). B The relative intensity of phosphorylated H2AX (pS139) was examined in the total population of WT and TMA-PALB2-expressing cell lines 18 h post-exposure to IR (5 Gy). Cell lines were prepared as above, fixed at the indicated time point, and stained for pH2AX. Cells were imaged with a 20× air objective on a Scan^R workstation (Olympus); mean relative pH2AX intensity was calculated from background subtracted images using the Scan^R analysis software (*P < 0.0001, unpaired Student's t-test, error bars = SEM). C Number of 53BP1 nuclear bodies in TMA-PALB2-expressing G1 daughter cells. Cell lines were prepared as above and left untreated (NT) or exposed to IR (3 Gy), and 16 h later cytochalasin B was added for 8 h to block cytokinesis. The irradiated binucleated cells were scored for 53BP1 nuclear bodies. Scale bar = 10 lm. [38] . In addition, helicases as Bloom syndrome protein (BLM) play a major role in resolving HDR intermediates after HU [39] . Thus, co-depleting FBH1 and BLM allow estimation of the ability of TMA-PALB2 cells to form RAD51 foci after exposure to HU (Figs 3D and EV3D) . While the lack of FBH1 and BLM only marginally affected RAD51 foci formation in WT PALB2 cells, the RAD51 foci were fully restored in the TMA cells. This result indicates that PALB2 phosphorylation plays a role in maintaining the RAD51 filaments. Similar to WT PALB2, the TMA mutant is localized to the RAD51 foci formed after depletion of FBH1 and BLM (Fig 3D, right panel) .
PALB2 phosphorylation maintains genome stability
In addition to its role in HR, PALB2 maintains the G2 checkpoint following DNA damage [15, 16] . However, it is unclear whether the checkpoint function of PALB2 is related to its function in HDR. To address the potential requirement for PALB2 phosphorylation in the G2 checkpoint, we examined the ability of the PALB2 mutants to restore the checkpoint. Expression of either the TMA-or TMD-PALB2 could restore checkpoint control following IR as efficiently as WT PALB2 (Fig 4A, left panel) . This result indicates that N-terminal S/Q phosphorylation of PALB2 is dispensable for G2 checkpoint control. Moreover, this finding reveals a potential separation of function for PALB2 between checkpoint control and the RAD51 foci formation required for HR. Once the genome is repaired, cells reenter the cell cycle via a process termed checkpoint recovery [17] . The need for PALB2 N-terminal S/Q phosphorylation to promote RAD51 repair foci suggests that cells with disturbed PALB2 phosphorylation may encounter difficulties in completing DNA repair in a timely manner. To this end, we noted impaired checkpoint recovery following IR in cells expressing TMA-PALB2 compared to WT or TMD-PALB2 (Fig 4A, right panel) . This corresponded to elevated levels of the DNA damage marker phosphorylated H2AX in TMA-PALB2 expressing cells compared to WT cells within this recovery period (Fig 4B) . The elevated levels of phosphorylated H2AX may reflect increased number of unrepaired DNA breaks that delay checkpoint recovery. Because cells with impaired DNA repair can move through the G2 checkpoint under a threshold of DNA breaks, we investigated genome stability in TMA-PALB2 cells that recovered from the G2 checkpoint. To distinguish the G1 daughter cells that originated from recovered G2 cells, we blocked cytokinesis in recovering IR-treated cells, trapping the daughter cells in a binuclear state. Examining the extent of 53BP1 nuclear bodies, a DNA damage marker [40] , in these daughter cells revealed that TMA-PALB2 expressing cells contained higher numbers of 53BP1 nuclear bodies compared to WT PALB2 cells (Figs 4C and EV4 ). This result suggests that TMA-PALB2 cells escaping the G2 checkpoint can proceed through mitosis with unrepaired DNA breaks. These breaks are transferred to the daughter cells, indicating that PALB2 need to be appropriately phosphorylated for genome maintenance.
Collectively, our results indicate that phosphorylation of the Nterminal S/Q sites of PALB2 is required to maintain genome stability by efficient repair of DNA damage. The phosphorylation of these residues (S59, S157, and S376) is mediated by ATM and ATR upon exposure to genotoxic insults. Phosphorylation-deficient PALB2 is inefficient in promoting RAD51 foci, leading to impaired DNA repair and genome instability. Notably, ATM is an emerging breast cancer tumor suppressor, and based on our data, we now propose that ATM can suppress tumor development by promoting HDR through PALB2-mediated phosphorylation.
Materials and Methods
Cells and reagents
The human osteosarcoma cell line (U2OS), human embryonic kidney 293T cells, and HeLa cell line harboring DR-GFP were grown in Dulbecco's modified Eagle's medium with 10% FBS. The human colorectal carcinoma cell line HCT116 was cultured in McCoy's 5A media containing 10% FBS, and the human breast epithelial MCF10a cells were grown in Dulbecco's modified Eagle's medium with F12 nutrient mixture and supplemented with 5% horse serum, EGF (100 mg/ml), hydrocortisone (1 mg/ml), cholera toxin (1 mg/ml), and insulin (10 mg/ml). All media also contained 1% PenStrep antibiotics.
The doxycycline-inducible stable U2OS cell lines expressing the Flag/HA-tagged siRNA-resistant versions of wild-type and mutant PALB2 were established by cloning PALB2 cDNA into pcDNA4/ TO-FLAG-HA vector (Invitrogen). The phosphorylation-deficient and mimicking versions of PALB2 were generated by site-directed mutagenesis of the siRNA-resistant WT PALB2 by mutating S59, S157, and S376 to alanine residues (TMA) or aspartic acid residues (TMD), respectively. The following primers were used for the TMA mutation: S59A To transfect 293T cells with expression plasmids, the calcium phosphate transfection method was used.
Hydroxyurea (Sigma) was used at a final concentration of 2 mM for the indicated time. The ATM inhibitor (KU55933, Tocris Bioscience) was used at final concentration of 10 lM. ATR (ETP-464, Millipore) and DNA-PK (NU7441, Tocris Bioscience) inhibitors were used at a final concentration of 1 lM, and ATR inhibitor (AZ-20, Tocris Bioscience) was used at a final concentration of 3 lM. Furthermore, cytochalasin B was used at a concentration of 1 lg/ml. The indicated doses of ionizing radiation (IR) were given using a Faxitron X-ray apparatus.
Immunoblotting and antibodies
Briefly, cells were snap-frozen and lysed in cold EBC-buffer (150 mM NaCl, 50 mM Tris pH 7.4, 1 mM EDTA, 0.5% NP-40) containing protease inhibitors (1% vol/vol aprotinin, 5 lg/ml leupeptin, 1 mM PMSF), phosphatase inhibitors (1 mM NaF, 10 mM b-glycerophosphate), and 1 mM DTT. The lysates were sonicated followed by centrifugation at 20,000 g for 10 min. The soluble proteins were then separated by SDS-PAGE and transferred to a nitrocellulose membrane. For detecting the phosphorylated PALB2, the samples were resolved on 8% polyacrylamide gels (Figs 1A-D, 2B and EV1A and B) where the unphosphorylated PALB2 runs at a size of~100 kDa. Otherwise, samples were resolved on gradient 4-12% Bis-Tris gels (Life Technologies) where FLAG/HA-PALB2 runs at a size of~150 kDa. The membranes were blocked in 5% milk, incubated with primary antibody diluted in 5% milk, washed, and incubated with secondary HRPconjugated antibody (1:10,000; Vector Laboratories) diluted in 5% milk. ECL-mix (GE Healthcare) was used to visualize proteins on X-ray film. The following primary antibodies were used for immunoblotting: phospho-(Ser/Thr) ATM/ATR substrate (1:500; 4F7, 2909, Cell Signaling), BLM (1:5,000, 476, Abcam), BRCA2 (1:2,000; Ab-1, Calbiochem), phospho-CHK1-S317 (1:1,500; 2344, Cell Signaling), CHK1 (1:10,000; DCS-310; described by [41] , phospho-CHK2-T68 (1:500; 2661, Cell Signaling), CHK2 (1:500; sc56296, Santa Cruz), FBH1 (FBXO18 1:100; sc81563, Santa Cruz), GST (1:2,000; sc138, Santa Cruz), GFP (1:1,000; 1181446000, Roche), HA (1:2,000; MMS-101P, Covance), PALB2 (1:1,000; A301-246A, Bethyl Laboratories), vinculin (1:50,000; V9131, Sigma).
Immunoprecipitation
Extracts for immunoprecipitation were prepared using immunoprecipitation buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 10% glycerol, 0.1% Tween) with protease inhibitors. Following preclearing with IgG-coupled protein G beads (GE Healthcare), the lysates were incubated with protein G beads coupled to phospho-S/Q antibody (1:20; 2851, Cell Signaling) or M2 FLAG-agarose (Sigma) for 2 h at 4°C on a rotator. The beads were washed five times followed by elution of bound proteins in Laemmli sample buffer.
Immunofluorescence
Cells grown on coverslips were treated as indicated and prepared for immunofluorescence as previously described [42] . Primary antibodies used were actin (1:1,000; MAB1501, Millipore), phospho-H2AX S139 (1:500; 2577, Cell Signaling), 53BP1 (1:1,000; sc22760, Santa Cruz), HA (1:500; MMS-101P, Covance), and RAD51 (1:1,000, 70-001, BioAcademia Jpn). Anti-mouse Alexa Fluor 488, anti-mouse Alexa Fluor 594, anti-rabbit Alexa Fluor 488, anti-rabbit Alexa Fluor 594 (1:2,000, A21202, A21203, R37118, and A21206, Life Technologies) were used as secondary antibodies. For RAD51, immunofluorescence cells were pre-extracted twice for 3 min in CSK buffer (0.5% Triton X-100, 20 mM Hepes pH 7.4, 100 mM NaCl, 3 mM MgCl 2 , and 300 mM sucrose) followed by fixation in 4% formaldehyde. Cells were permeablized in 0.5% Triton X-100 followed by incubation in blocking buffer (1% BSA, 0.15% glycine, 0.1% Triton X-100 in PBS++ wash buffer (1× PBS 0.1% Tween-20, 1 mM CaCl 2 , 0.5 mM MgCl 2 )). Primary antibody was incubated for 1 h at room temperature in blocking buffer, followed by three washes with PBS++ wash buffer. Secondary antibody was incubated for an additional hour, washed 3× with PBS++ wash buffer, and nuclei counterstained with DAPI. EdU staining was done per manufacturer's instructions (Life Technologies). Z-stack images were acquired on a Deltavision workstation, and images were processed and foci enumerated using Fiji (ImageJ). For phospho-H2AX intensity analysis, stained coverslips were imaged and analyzed on the Olympus Scan^R workstation.
Flow cytometry
To prepare cells for flow cytometry, cells were fixed in 70% ethanol. The cells were stained with phospho-MPM2 antibody (1:200; 05-368, Millipore) for 1 h followed by 1-h incubation with antimouse Alexa Fluor 647 (1:1,000; A21236, Life Technologies) secondary antibody. DNA was stained with 0.1 mg/ml propidium iodide (PI) containing RNase (20 lg/ml) for 30 min at 37°C. Flow cytometry was performed on a FACS Calibur (BD Biosciences) using CellQuest Pro software (Becton Dickinson).
GST purification of recombinant proteins
GST-PALB2-N (WT and TMA) and GST were expressed in E. coli Rosetta (DE3) using 0.2 mM IPTG for induction at 37°C for 3 h. Harvested cells were lysed in GST buffer (20 mM Tris pH 7.5, 200 mM NaCl, 0.5% NP-40) with protease inhibitors and sonicated. Following centrifugation at 20,000 g for 20 min., the cleared lysates were incubated with glutathione Sepharose beads (GE Healthcare), washed three times with 50 column volumes of GST buffer and eluted with 5 column volumes 50 mM Tris pH 7.5 containing 1 mM reduced glutathione. Finally, the samples were dialyzed to remove the glutathione and stored at À80°C.
